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u.  ABSTRACT 

Specimens  of  synthetic  quartz  were  examined  by  transmission  eleetron 
microscopy.  Dauphine  twins  in  (0001)  sections,  produced  by  cooling  through  the 
inversion  temperature,  were  decorated  at  the  boundaries  by  black  spots  caused  by 
radiation  damage  in  the  microscope.  These  boundaries  were  straight  lines  following 
crystallographic  directions.  A  misorientation  between  twins  and  matrix  accounts 
for  intensity  differences  between  the  two  regions.  The  results  are  compared  with 
those  obtained  with  (11201  sections  where  fringe  contrast  at  the  twin  boundary  occurs 
because  of  differences  in  extinction  distance  for  certain  reflections.  Smaller,  more 
numerous  twins  were  formed  in  electron  damaged  regions  during  examination  in  the 
microscope. 
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Specimens  of  s>  nlhctic  qmirl/  were  examined  hy  transmission  electron  microscopy.  I  fillip  (line 
(IHIOIl  sections,  produced  hy  cooling  through  the  inversion  lemperuture,  were  decoralcd  ut  the  hijr 
hy  hluck  spots  caused  hy  radiation  damage  in  the  microscope.  These  boundaries  were  straight  lines  following 
crystallographic  directions.  A  ntisorientalion  between  twins  und  matrix  uccounls  for  intensity  dilferenccs 
between  the  two  regions.  The  results  are  compared  with  those  obtained  with  (ll!!0)  sections  where  fringe 
contrast  ut  the  twin  boundary  occurs  because  of  differences  in  extinction  distunce  for  certain  reflections. 
Smaller,  more  numerous  twins  were  formed  in  electron  damaged  regions  during  examination  in  the  mi¬ 
croscope. 


I.  Introduction 
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Daupntnc  twinning  in  quart/,  also  known  as  "elec¬ 
trical  twinning",  is  very  common.  It  occurs  cither 
during  growth  or  can  be  produced  artificially  from 
P-quart/  by  cooling  through  the  inversion  temperature 
of  ~  573  C.  Other  methods  of  producing  Duuphind 
twins  include  thermal  shock  by  quenching  from  200  C 
or  higher,  and  the  application  of  pressure  or  thermal 
gradients').  The  twinned  parts  are  related  as  by  a  rota¬ 
tion  of  180  around  the  c-axis  and  arc  of  the  same 
hand.  The  composition  plancsarcthc  {lOTOj.  Although 
the  crystal  axes  remain  parallel,  the  electrical  polarity 
of  the  piezoelectric  rt-axis  is  reversed  in  the  twinned 
parts.  Because  the  axes  do  remain  parallel  electron 
diffraction  patterns  obtained  on  both  sides  of  a  twin 
boundary  appear  the  same  and  cannot  be  used  to 
identify  twinning.  Duuphind  twins  cannot  be  detected 
by  optical  methods  but  arc  visible  on  suitably  etched 
specimens  because  of  a  difference  in  texture  between 
the  twin  und  matrix.  Macroscopic  Duuphind  twins 
have  been  identified  by  Lang  using  X-ray  topography2), 
and  Duuphind  microtwins  were  found  by  McLaren  and 
Phakcy  in  natural  quart/  by  means  of  transmission 
electron  microscopy').  Detection  by  these  methods 
was  possible  because  the  twins  have  different  structure 
factors  und  extinction  distances  for  certain  reflections. 
No  evidence  was  presented  showing  that  Duuphind 


microtwins  are  formed  on  cooling  through  the  s  ft 
inversion  temperature. 

Recently,  interest  has  centered  on  the  possible  role 
of  Duuphind  microtwins  in  the  transformation  of 
trigonal  a-quartz  to  hcxugonal  p-quurt/ ut  ^  573  C4). 
Also,  it  has  been  suggested  that  Duuphind  microtwins 
form  during  irradiation  of  quartz  by  fust  neutrons  ut 
flucnccs  between  10'  “  I020  n/cm2  (ref.  5).  Imaging  and 
identification  of  these  niicrotwins  by  transmission 
election  microscopy  becomes  important  in  assessing 
the  results  of  direct  heating  of  quartz  us  well  us  indirect 
thermal  effects  such  as  might  be  caused  by  exposure  to 
radiation. 

The  purpose  of  the  present  paper  is  to  show  that: 

( I )  Duuphind  niicrotwins,  a  few  microns  or  less  in  size, 
can  be  formed  by  heating  and  cooling  through  the 
inversion  temperature,  (2)  twin  regions  can  be  recog¬ 
nized  by  electron  microscopy,  even  in  the  absence  of 
fringe  contrast,  und  (3)  niicrotwinning  is  indeed  en¬ 
hanced  in  electron-damaged  regions.  Comparisons  arc 
made  between  images  of  (0001 )  und  ( 1 1 20)  sections. 

2.  Experimental 

The  specimens  examined  in  this  study  were  grown 
hydrolhermully  by  Western  fleet ric  und  contained 
aluminum,  sodium  und  lithium.  Rectangular  sections 
10x20 mm  were  cut  parallel  to  (0001)  and  (Il20) 
planes  and  polished  to  a  thickness  of  10  mil.  Discs 


179 


J.  ).  C11VIIR 


1X0 

3  mm  in  diameter  were  eut  from  these  sections  with  an 
ultrasonic  cutting  tool,  lloles  with  thin  edges  were 
then  made  in  the  discs  by  mechanical  polishing  and 
chemical  etching.  Annealing  was  done  in  ait  at  6X0  C. 
The  rate  of  cooling  to  room  temperature  was  -  7  min. 
Damage  to  the  crystal,  caused  by  100  kV  electrons, 
occurred  during  examination.  This  damage,  visible  as 
black  spots,  was  lirst  reported  by  McLaren  and 
Phakey6). 

The  image  obtained  by  structure  factor  contrast 
showed  that  the  spots  are  associated  with  a  decrease 
in  the  effective  thickness  of  the  crystal.  The  authors 
interpreted  this  as  indicating  the  presence  of  centers  of 
amorphous  silica.  Furthermore,  they  believed  that 
these  spots  formed  preferentially  where  the  concen¬ 
tration  of  Fe3  *  ions  was  highest  in  amethyst  and  ci¬ 
trine  quart/  us.  for  example,  along  twin  boundaries.  In 
the  present  study  of  synthetic  quart/,  black  spots  ap¬ 
peared  after  about  one  minute  at  a  flux  of  10'  7e/em2 
see.  This  flux  was  achieved  with  the  beam  focussed  to 
a  2  pm  ilium,  spot  on  the  specimen.  With  increasing 
flucncc.  the  electron  diffraction  pattern  shows  a  broad¬ 
ening  of  the  Kikuehi  lines  and  finally  their  disap¬ 
pearance.  At  a  flucncc  of  I02u  c/cm2  large  patches  of 
amorphous  regions  are  observed  and  the  diffraction 
pattern  contains  both  diffuse  rings  and  spots  from  the 
regions  which  are  still  crystalline.  Because  of  the  rela¬ 
tively  low  energy  of  the  electron  beam  it  is  believed  that 
the  damage  is  due  primarily  to  thermal  effects. 

.3.  Results  and  discussion 

In  the  work  of  McLaren  and  Phakey.  Dauphine 
twins  in  natural  quart/  were  identified  by  fringe  pat¬ 
terns  bonding  the  twin,  visible  when  quart/  fragments 
could  be  oriented  to  give  strong  |I0T||  or  JI0I2J  re¬ 
flections.  An  explanation  was  given  in  terms  of  differ¬ 
ences  in  extinction  distance  between  twin  and  matrix 
for  these  reflections. 

3.1.  (0001)  Sin  ions 

In  preliminary  results  described  elsewhere7)  it  was 
shown  that  when  |(XX)I)  sections  of  quart/  cooled 
through  the  inversion  temperature  were  examined  in 
the  electron  microscope  black  damage  spots  formed 
preferentially  in  straight  lines.  The  lines  followed 
crystallographic  directions  enclosing  domains  which 
differed  in  intensity  from  the  matrix  upon  tilting.  A 


typical  example  is  seen  in  lig.  I.  Using  selected  aiea 
diffraction,  patterns  were  obtained  from  regions  A  and  It 
and  the  shift  of  the  Kikuehi  lines  indicated  a  misoricnla- 
lion  of  -02  min  of  arc.  Further  results  to  be  described 
in  this  paper  support  the  contention  that  these  domains 
are  Duuphind  microtwins. 

Although  the  decorated  regions  often  extended  to 
the  hole  through  the  specimen  many  examples  ol  twins 
surrounded  by  the  matrix  were  observed.  One  of  these 
is  shown  in  lig.  2  where  the  twin  region  is  defined  both 
by  damage  spots  and  intensity  differences.  In  many 
examples  strong  contrast  was  obtained  for  |3030|  type 
reflections  as  shown  in  lig.  3.  Lang  has  demonstrated 
how  1 303 1 )  and  (30.3 1 )  reflections  in  X-ray  topography 
of  quurt/  reveal  Dauphind  twins  because  of  differences 
in  structure  factor  which  cause  significant  differences 
in  intensities2).  But  for  |3()3l)|  reflections  the  structure 
factor  is  the  same  for  twin  and  matrix,  therefore  no 
intensity  differences  should  be  noted  when  imaging 
with  these  reflections.  It  appears  that  the  observed 


l  ig.  I.  IIXX1I )  Quarl/  Boundary  decorated  by  radiation  damage 
spois.  Dillrailion  pallcrns  from  regions  A  and  It  indieale  a 
niisorienlalion. 
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I  it;.  iiKHII  |  (Jiuirl/.  I  win  xurroiimlcil  hy  matrix  vhiblc  bv  dilTc.Tnce  in  inlcnxily  as  well  as  by  boundary  decoration.  I  ormcil  by 

cooling  Ihrmigh  the  imersion  lemivralure. 


contrast  arises  from  the  ulbrememioned  misorienla- 
lion  between  (win  and  matrix. 

Dauphins1  twins  ean  he  removed  hy  heating  above 
the  inversion  temperature  while  new  ones  may  be 
formed  on  cooling  below  that  temperature.  The  results 
of  a  second  annealing  of  a  specimen  containing  dec¬ 
orated  boundaries  provided  evidence  ihai  they  en¬ 
compassed  Dauphins1  twin  regions.  Pig.  4a  is  a  micro¬ 
graph  showing  a  decorated  boundary.  Differences  in 
intensity  across  the  boundary  are  elearly  seen.  Pig.  4b 
shows  ihe  same  region  after  annealing  to  681)  C  for 
2  hr  and  cooling  to  room  temperature.  Where  origi¬ 
nally  the  twin  boundary  had  existed  there  is  only  a  path 
of  damage  centers,  noi  alTseted  by  the  anneal.  New 
twins  are  clearly  seen  hy  intensity  differences. 

.t.2.  ( I  lit))  Si  ci  a  ins 

Ollier  evidence  of  Dauphins'  microlwin  formation 
was  provided  hy  annealing  (Il2()|  sections  of  quart/. 
In  this  orientation  il  was  possible  to  satisfy  ihe  con¬ 
ditions  for  fringe  visibility  by  obtaining  { I OT 1 1  and 
!  lf)T2|  type  reflections.  Pig.  5a  and  5b  show  Dauphins* 
twins  in  an  ns-rcccivcd  specimen  and  in  an  annealed 
s peci  me n  respect i v  cly. 


3.3.  Edi  ct  to-  i  li.ctron  hi  asi  on  t  winning 

Having  established  that  the  straight  lines  of  damage 
centers  in  (0001)  sections  enclose  Dauphine  twins  il  is 
shown  that  these  (wins  occur  with  u  greater  density  in 
regions  heavily  damaged  by  the  electron  beam.  The 
twin  boundaries  were  usually  visible  idler  removing 
the  specimen,  annealing  in  air  and  cooling  through  the 
inversion  temperature.  An  example  of  this  is  seen  in 
lig.  6,  showing  a  specimen  which  had  been  subjected 
(o  100  kV  electrons  lo  a  fluenee  of  5  x  I0J0  e/cm1. 
Normally,  the  damage  centers  increase  in  si/e  with  in¬ 
creasing  exposure  but  not  in  number.  However,  after 
annealing  and  further  exposure  to  the  beam,  new 
spots,  identifiable  by  tbeir  smaller  si/e.  form  along  the 
twin  boundaries.  The  annealing,  in  effect,  conditions 
the  specimen  so  that  new  damage  centers  can  form, 
but  only  along  the  twin  boundaries.  The  present  results 
give  no  indication  that  damage  is  related  to  location  of 
impurity  ions  as  proposed  by  McParen  and  Phakey. 
However,  if  there  is  a  correlation  between  damage  and 
impurity  location  il  is  necessary  to  accept  the  idea  that 
diffusion  of  impurities  to  the  twin  boundaries  occurs 
during  annealing  or  healing  in  the  electron  beam.  This 
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F  ig.  Ju.  (0001 )  Quart/.  Dauphin*  twin  *ormcd  during  examination  in  the  electron  microscope. 


Kig.  Jh.  (lurk  Held  image  using  the  00301  rcflctlion. 


might  be  possible  with  l.i '  or  No  ’  but  is  unlikely 
with  AIJ '  (ref.  8). 

Some  Dauphine  twins  were  Conned  during  examina¬ 
tion  in  the  clcetron  microscope  without  subsequent 
annealing.  Here  also  the  greatest  density  of  twins  oc¬ 


curred  in  the  region  of  radiation  damage,  big.  7  shows 
twin  boundaries  which  appeared  in  a  (0001)  section. 
Note  that  the  spots  outlining  the  boundaries  are  again 
much  smaller  than  the  randomly  arranged  ones,  in¬ 
dicating  that  twinning  and  decoration  occurred  some- 


I  ig  4b.  Same  region  shown  in  (a!  alter  second  annealing.  The  original  twin  has  been  removed  and  onl>  the  black  damage  spots 
w  hich  had  formed  at  the  boundar)  remain  at  A  B  <\  New  twins  visible  by  difference  in  intensity  cross  the  boundary  of  the  original  Iwin. 
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t  ig.  ?u.  ItllOlOuuil/.  Dauphin*  twin  in  as-received  specimen  Fig.  5h.  ( I l20t  Quart/.  Dauphin*  twin  formed  h>  cooling 
showing  clcclrnn  damage  spolv  The  fringes  distinguishing  Ihe  through  the  inversion  temperature.  Fringe  contrast  is  visible 
twin  boundaries  were  delected  before  damage  spots  appeared.  with  a  strong  I  till  1 1  reflection. 


tig  f>.  <0001 1  Quart/.  Specimen  highly  damaged  h>  fluence  of  I0'"e  cm'.  Suhseyuvnl  cooling  through  Ihe  insersion  tempera¬ 

ture  developed  new  damage  spots  reveuling  twin  boundaries  shown  i>>  arrows. 


little’  after  llic  initial  damage  by  the  electron  beam.  The  temperature  and  the  actual  twinning  would  result  on 
possibility  exists  that  local  temperatures  in  the  spcci-  cooling.  On  Ihe  other  hand,  twinning  could  have  oc- 
nten  during  examination  could  exceed  the  inversion  currctl  in  the  region  as  a  result  of  the  damage.  Suhsc- 
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I  us.  7.  (IMK)h  Qu;iri/.  Ili^hls  -tliimuttctl  region  of  specimen.  During  I  he  examination  new  spots  ilcu'lopcil  along  cr>sl;illogr»iphic 

boundaries  (arrows)  repealing  Dauphin*  (wins. 

quent  healing  in  the  beam  could  cause  diflTusion  of  of  (he  Oauphinc  type  jusl  below  the  inversion  tempera* 

impurilics  (o  (lie  twin  boundaries  where  new  damage  lure  from  which  condition  il  could  readily  transform 

centers  form  to  decorate  them.  to  the  hexagonal  P-phasc4).  Comes  cl  >il  suggested  Ihut 

Similar  extensive  twinning  was  observed  in  <II2())  a  rearrangement  of  the  Si04  tetrahedron  in  fast  ncu- 

specimcns  after  several  minutes  exposure  to  the  elec-  Iron  irradiated  quart/  to  form  I)auphin4  microlwins 

Iron  beam  without  subsequent  annealing.  Twin  hound-  would  explain  the  disorder  they  observed  by  X-ray 

aries  were  usually  detected  by  fringes  obtained  with  diffraction’).  Above  10' '*  n  cm2  the  disordered  phase 

I  loll)  reflections,  but  sometimes  differences  in  contrast  consisted  of  highly  perturbed  matter  embedded  in  a 

were  also  found  for  twin  and  matrix.  In  lig.  Ka  fringes  crystalline  matrix.  The  crystal  at  this  stage  has  a  hex- 

bounding  the  twin  region  arc  clearly  observed  with  a  agonal  symmetry.  Above  I02"  n/cm2  the  crystalline 

strong  ( l()Tl  I  reflection.  By  tilting  away  from  this  con-  pattern  disappears  and  the  diffuse  ring  indicates  vit- 

dition,  lig.  Kb.  the  fringes  arc  out  of  contrast  but  there  rcous  silica.  The  results  appear  to  parallel  those  ob¬ 
is  contrast  between  twin  and  matrix.  The  contrast  mined  with  100  kV  electrons.  If  the  energy  of  the  elcc- 

would  be  more  uniform  in  the  absence  of  the  damage  iron  beam  is  sullicicnt  to  thermally  excite  the  specimen 

centers.  to  bring  about  displacements  of  the  Si04  tetrahedron 

In  trying  to  explain  the  preferential  twinning  in  the  as  evidenced  by  the  presence  of  amorphous  regions 

electron  damaged  region  one  must  consider  what  type  then  il  is  possible  that  the  necessary  conditions  for 

of  disorder  can  occur  as  the  result  of  high  Duences  of  rotation  of  the  Si04  tetrahedron  to  bring  about  the 

100  kV  electrons  on  quart/,  particularly  if  the  damage  t,  to  or  twin  condition,  will  be  achieved  in  some 
caused  to  the  crystal  is  due  mairly  to  thermal  energy  parts  of  the  specimen, 
within  the  small  regions  of  the  crystal  under  exa’  illa¬ 
tion.  In  studying  the  mechanism  of  the  phase  transi-  !'um*n*r>  ,n<*  conclusions 

lion.  i  to  p,  in  quart/  Young  found  that  the  specimen  Dauphmc1  microlwins  identified  by  transmission 

behaved  as  though  it  contained  numerous  microlwins  electron  microscopy  were  formed  in  synthetic  quart/ 
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I  ig.  H;i.  (Il2())  Qu;iri/  Twinning  which  occurred  during  examination  of  the  specimen.  Strong  <IOTl)  reflection  shows  fringe 

contrast. 


!  ig.  Kb.  I  ill ing  the  specimen  causes  extinction  of  the  fringe  c«»  rast,  hut  the  boundary  is  visible  because  of  ditferences  in  intensity 

between  twin  and  matrix 
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which  hud  been  cooled  through  (lie  inversion  tcmpera- 
lurc.  These  twins  ure  not  readily  dcieelcd  by  lighl 
microscopy  of  etched  specimens  or  X-ruy  topography 
because  of  their  small  si/e.  Those  observed  in  (0001) 
sections  exhibited  straight  line  boundaries  parallel  to 
crystallographic  directions  which  became  preferred 
sites  for  radiation  damage  caused  by  the  electron  beam. 
If  the  damage  at  these  sites  is  related  to  concentrations 
of  impurity  ions,  as  suggested  by  McLaren  and  I’hakey, 
it  appears  that  dilTusion  occurs  during  examination  of 
the  specimen. 

By  slight  tilling  of  the  specimen  so  that  the  beam  was 
no  longer  strictly  parallel  to  the  r-axix  it  was  possible 
to  show  dilTerences  in  intensity  I  vet  ween  twin  and  ma¬ 
trix.  It  was  established  that  under  these  conditions, 
where  for  example  (he  operating  reflection  was  (.1030), 
the  difference  in  intensity  reflects  the  misorienlation 
between  twin  and  matrix. 

It  was  found  by  examining  both  (0001)  and  (1 120) 
sections  that  smaller,  more  numerous  niicrotwins 
form  in  parts  of  the  crystal  highly  damaged  by  the 
electron  beam.  It  is  suggested  that  the  disorder  caused 
by  the  radiation  might  leave  parts  of  the  specimen  in 
the  condition  where  Si04  tetrahedra  could  rotate  to 
the  position  occupied  in  Dauphine  twins.  This  is  essen¬ 


tially  the  idea  proposed  by  Comes  et  al.  to  explain  the 
results  of  last  neutron  bombardment  of  quart/. 
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